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Abstract 
An optimal energy management strategy is proposed to match engine fuel consumption and battery SOH of REEB. 
Models of APU fuel consumption and battery SOH loss are established and multi-objective performance function is 
provided. DP algorithm is adopted to solve the optimization problem. Under the conditions of different drive cycles, 
different SOH penalty coefficients are analyzed to reveal its effects. Considering the total life-cycle costs, simulations 
prove that when battery is not to be replaced, and the capacity configuration and SOH penalty coefficient of battery 
are both taken the minimum, the best economical results can be achieved. 
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Nomenclature 
REEB  Range-Extended Electric Bus   
SOH  State of Health 
SOC  State of Charge 
APU  Auxiliary Power Unit  
DP  Dynamic Programming 
MNEDC Modified New European Drive Cycle 
CTUDC  Chinese Typical Urban Drive Cycle 
CD-CS  Charge Depleting-Charge Sustaining 
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1. Introduction  
Pure electric vehicles are faced with many disadvantages such as short driving range, long charging 
time, short battery life and high prices. To solve these disadvantages, REEB are designed with APU and 
small-capacity battery pack. Due to REEB has both pure electric drive model and hybrid power drive 
model, it is gradually becoming a development trend of electric vehicle products[1]. 
Energy management strategy is critical for REEB to extend driving ranges and reduce the engine fuel 
consumption[2]. There are two main controlling strategies: Blend and CD-CS. CD-CS control strategy 
with the goal of reducing emissions and improving fuel efficiency has the working condition of pure 
electric drive and is popular for REEB. Therefore, this paper adopts the CD-CS. Energy management 
strategies on the basis of rule control, instantaneous optimal control, global optimization control and 
adaptive control[5]. Usually, the global optimization control strategy with the DP algorithm can be 
adopted to obtain optimal fuel consumption in known conditions and evaluate control effect of other 
online energy management in practical applications[6]. However, the majority of existing practices often 
focus on minimizing the fuel consumption, while ignoring the battery aging. Thus, SOH of battery need 
to be considered. In order to find the appropriate tradeoff between fuel economy and battery life, 
optimization design between the battery configuration and SOH penalty coefficient is conducted in the 
DP-based control strategy, and the results can provide an important basis for initial parameters design and 
energy management strategies. 
2. Compositions of Power System  
The basic parameters of the REEB are shown in Table 1. The power system structure, which consists of 
APU system, battery system and motor-transmission system, is shown in Fig.1. APU system adopts diesel 
engine which is coaxial with the permanent magnet synchronous generator. Voltage matching can be 
achieved by DC-DC convertor between battery and APU systems. 
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Fig. 1. Configuration of the REEB 
Table 1. Vehicle Parameters 
Parameter value 
Vehicle total mass 14500kg 
Transmission ratio of the final drive 6.5 
Transmission ratio of the 2-speed 1 and 3.5 
APU 80kW 
Battery Patch 140Ah 
permanent magnet synchronous motor 170kW 
DC Voltage 400V 
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3. System Modeling 
In this paper, the engine fuel consumption is only related with the engine torque and speed ignored of 
engine dynamic effects. The differential equation of engine speed can be gained by the formula (1). 
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In the formula, Teng denotes engine output torque, Tm is the generator electromagnetic torque, Tf (k) is 
the connection resistance torque for the engine and generator, Je+Jg are rotational inertia with both engine 
and generator, ng and is the speed of the engine. 
   Based on the above differential equationˈthe engine fuel consumption mf (k) can be a checked 
through fuel consumption MAP of engine. Then we get the formula (2). 
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In order to establish the relationship between the engine and the DC bus power, the equivalent circuit 
method is adopted as shown in the Fig.2. In the formula,  ¹P
 
denotes the engine and the generator speed, 
Tm is electromagnetic torque of the generator; Keng is the equivalent electromotance of generator, Kxng is 
the equivalent impedance, Udc and Idc represent the output voltage and output current of the rectifier,  Pb is 
the battery power,¨m is the comprehensive efficiency of the generator and rectifier bridge, and¨DC-DC 
represents the battery voltage of DC-DC converter efficiency. 
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Fig. 2. Diagram of Equivalent Circuit and Equations of Generator-rectifier 
As a state variable of energy management optimization, battery SOC is usually considered the most 
critical factor among the influential factors on battery energy management strategies. Therefore, RINT 
model is used , and the battery SOC state control is realized based on DC-DC duty cycle which can be 
described as the formula (3)~(6). 
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In the formulaˈUoc is the open circuit voltage, Rb is the internal resistance of the battery in relation 
with SOC, Ib is the current in battery and the regulation is that the charging current direction is negative 
and the discharging current direction is positive.  C is battery capacity.  
Battery aging models are mainly divided into three types[7], and Ah-throughput-aging model is 
adopted and defined as follows:  
0
10
1 1
( ) | ( ) |
2 (0) ( ( ))
n
b
k b
SOH n T SOH P k T TQ N P k T 
'     ' ' '¦       (7)
 Jun-qiu Li et al. /  Energy Procedia  88 ( 2016 )  814 – 820 817
Where SOH0 is the initial state-of-health which is set to 1; N is the total number of cycles before end-
of-life; Q0(0) is the initial energy capacity of the battery and the Pb(´) is the internal power of the battery 
at time´. 
For each time step, 
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 represents the SOH loss during T (T =1second in 
this paper), which means it is theSOH [8]. Clearly it can be incorporated into the cost function as an 
indication of battery capacity degradation. 
  As for the influence of battery power Pb on number of cycles to battery end-of-life for the battery cell 
used in this paper is shown in Fig. 3. Additionally, the relationship between Pb and SOH  is shown in 
the figure using the red line. 
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Fig. 3. Influence of Battery Power on the Number of Cycles and Battery Cell Degradation 
4. Multi-Objective Optimization of Engine Fuel Consumption and Battery SOH 
The optimal control problem can be stated as minimize the total amount of fuel consumption and 
battery SOH loss over the whole drive cycle as show: 
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Where mf (k) is the fuel consumption rate determined by engine operation point and S is the weighting 
factor of the battery SOH. Due to the order of magnitude ofSOH  is small and the conversion relation 
between SOH with the rate of fuel consumption is 10^7, S is used to represent the penalty coefficient 
conversion value of  SOH.   
    The state variables are SOC and engine speed while the control variable is DC-DC ratio. Based on 
the mechanical and electrical properties of the vehicle devices, Eq.(8) is subjected to the following 
constrained equations: 
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DP is a powerful tool to solve dynamic optimal control problem. The overall problem of dynamic 
optimization can be decomposed into a sequence of simpler minimization problems as follows[7]: 
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Where J*k(x(k)) stands for the optimal cost-to-go function at state x(k) from time stage k to the end 
which consists of weighted sum of fuel consumption and battery SOH. The above equation is firstly 
solved backward, and then searched forward to find the optimal control policy which subject to the 
constraints shown in (9). 
5. Analysis of Engine Fuel Consumption, Battery SOH and  Economic Simulation 
The proposed control strategy is tested in two driving cycles: MNEDC and CTUDC as shown in Fig. 4. 
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(a) CTUDC   (b) MNEDC 
Fig. 4. Vehicle Speed of Two Drive Cycles 
When different penalty coefficient S is used in objective functions, different combinations of fuel 
consumption withSOH can be obtained as show in Fig. 5. When S=0, the best fuel economy is achieved 
while the poorest SOH occurs. With the increasing of S, the fuel economy is gradually degraded, but the 
battery life is prolonged. It can be observed that when S > 6, the curve decreases pretty slowly, which 
sacrifices a large amount of fuel to get a tiny battery health improvement. It is not recommended to do so 
due to the cost of the fuelˈas it will overwhelm the battery wear. Therefore, analyzing the vehicle cost in 
running cycle, vehicle fuel consumption and capacity decline of battery SOH, the parameters of battery 
capacity configuration and parameters of control can be holistically optimized. 
 
Fig. 5. Effect of Penalty Coefficient on Fuel Consumption and of per 100 km 
Considering the basic parameters of 35Ah battery cell, we make an optimization design on the battery 
capacity configuration of 70Ah, 105Ah, 140Ah and 175Ah. In order to simplify the research,, cost 
analysis are conducted on the assumption that the vehicle runs in charge sustaining stage of CD-CS way 
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and actual service life is 240,000km. In order to reflect the various road conditions, the simulation 
conditions adopt MNEDC. According to the different configuration and SOH penalty coefficient of 
battery, cost of fuel consumption and Battery can be acquired in Fig.6. 
 
(a)Cost of fuel consumption                                              (b) Cost of battery  
Fig. 6. Cost of battery and fuel consumption with Different Capacity Configurations 
From Fig. 6, appropriately selecting the value of S will help the vehicle run at the most economical 
point and reduce the cost of fuel consumption. However, if the battery capacity, under the same driving 
condition, is configured too low, the aging recession speed of the battery may be hastened greatly and 
replacement cost will be raised; the fuel consumption is more sensitive to battery SOH penalty coefficient, 
and the fuel consumption increases more quickly as penalty coefficient rises. But if the battery capacity is 
configured too high, the battery will not be fully used; and there will be too much capacity unused beyond 
the whole life-cycle. 
It is preferable to choose the battery capacity with no need to be replaced, so that the battery can be 
fully utilized as much as possible. Setting penalty coefficient s of Battery SOH as the abscissa ordinate 
and the total cost as the vertical ordinate, the curve of total cost is shown in Fig. 7. In the selection of 
penalty coefficient S, it is critical to ensure that the value should be moderateˈbecause the large value of 
S will lead to high fuel consumption. If the value of S is too large, it will lead to high fuel costs. However, 
if the value of S is too small, recession of battery SOH will be speeded up, the battery life will be 
shortened and the battery needs to be replaced. Fig. 7 indicates that in the MNEDC cycle, the lowest and 
the most reasonable total cost of REEB can be obtained when capacity configuration of the battery pack is 
140Ah and the battery SOH penalty coefficient is 3. 
 
Fig. 7. Total Cost for REEB with Different Capacity Configurations and Battery SOH Penalty Coefficient 
6. Conclusion 
The fuel consumption of APU system and battery SOH loss models are established and selected as the 
optimization objectives of energy management strategies with DP algorithm. In consideration of mileage 
requirements for REEB within its whole life cycle, we obtain the optimal methods of energy management 
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strategies when an REEB has the optimal battery capacity configuration, and optimal results have been 
achieved when battery capacity configuration and penalty coefficients of battery SOH are taken the 
minimum value at the same time. 
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